Abstract
Introduction
Prediction of protein-coding genes in newly sequenced DNA is very important in large-scale genome sequencing projects. However prediction is complicated due to the exon-intron structure of eukaryotic genes. Introns are non-coding regions which are spliced out at acceptor and donor splice sites (Maniatis and Reed, 1987) . In order to predict the protein-coding regions a number of approaches were developed (Nakata et al., 1985; Claverie et al., 1990; Fields and Soderlund, 1990; Gelfand, 1990; Senapathy et al., 1990; Uberbacher and Mural, 1991; Guigo et al., 1992; Hutchinson and Hayden, 1992; Mural et al., 1992; Solovyev and Lawrence, 1992; Borodovsky and Mclninch, 1993; Gelfand and Roytberg, 1993; Milanesi et al., 1993; Snyder and Stormo, 1993; Dong and Searls, 1994; Solovyev et al., 1994) . The original technique was based on combining potential splice sites with global properties of protein-coding regions. Although good results were obtained with this method for a number of genes, the problem of gene coding regions recognition is still not solved (Venter et al., 1992) .
An alternative approach to revealing gene coding regions is based on the homology detection throughout the databases of nucleotide and amino acid sequences. Up-to-date vast databases of nucleotide and protein sequences have been created. These are GenBank (Benson et al., 1993) , EMBL Data Library (Rice et al., 1993) , PIR-International {Barker et al., 1991) and SWISS-PROT (Bairoch and Boeckmann, 1991) . As the data mass stored in databases increase, the probability of revealing the known or homologous gene in newly sequenced DNA is increasing. This implies a great need for approaches that reveal the gene coding regions through homology searches. Such an approach is presented (Gish and States, 1993) where all possible peptides translated from some nucleotide sequence are compared with the protein database. Geneld, Grail, and GeneParser systems (Guigo et al., 1992; Snyder and Stormo, 1993; Mural et al., 1994) use information about homologous sequences for exon prediction. The GeneMark system and BLAST search was used for detailed analysis of unannotated E.coli sequences (Borodovsky et al., 1994) . However, the problem of exonintron structure prediction based on homology is quite difficult to solve. An exclusively high rate of evolution is typical for introns, resulting in a decrease in homology between them. Besides this, the location of introns may be markedly changed during the evolution of isofunctional gene families. This implies that even at a high homology of coding regions, genes' primary structure may differ. Aligning such sequences will exhibit local regions of high homology corresponding to exons alternating with nonhomologous regions of introns. Apparently, reconstruction of the gene structure based on the results of database search is not so easy. Thus, the problem requires a special software design.
It seemed promising to use elements of both briefly outlined approaches to develop new effective techniques for the reconstruction of gene coding regions in nucleotide sequences. We suggest here a new method to recognize gene coding regions in newly sequenced DNA relying on either combinatorial approach or homology searches throughout the databases. In the first version of the method (ORFGENE system), the SWISS-PROT database of amino acid sequences was used. SWISS-PROT was chosen as a base since all known nucleotide sequences coding for proteins are translated and imported to the protein sequence databases, though not all the corresponding nucleotide sequences for protein sequences are known, and pseudogenes are not included in the protein database.
Algorithm
The program ORFGENE for prediction of gene coding regions involves the following procedures.
1. Revealing one amino acid sequence (key sequence) for gene reconstruction by searching for homologies between potential peptides coded by the sequence in study and protein sequence database. 2. Defining the location of potential splice sites. 3. Construction of a complete Wl set of potential coding fragments (PCF) and a complete Rl set of potential peptides (PP). 4. Selection of potential peptides from Rl based on homology with chosen amino acid sequence. 5. Selection of a set of 'best' PCF (W2) for the gene reconstruction. 6. Designing the compatibility graph Q for PCF from W2. 7. Reconstruction of potential genes on the base of the compatibility graph Q. 8. Detecting, in the set of potential genes, one with the best homology with the key amino acid sequence. Now we will consider the above steps in more detail.
Revealing one amino acid sequence for gene reconstruction
In order to reveal potential peptides coded by the sequence under study, different novel techniques can be applied (Gelfand, 1990; Uberbacher and Mural, 1991; Guigo etal., 1992; Hutchinson and Hayden, 1992; Mural et ai, 1992; Solovyev and Lawrence, 1992; Borodovsky and Mclninch, 1993; Milanesi et al., 1993; Snyder and Stormo, 1993; Dong and Searls, 1994; Solovyev et al., 1994) . Potential peptides, predicted by means of these programs are compared to all the proteins stored in the SWISS-PROT database. To this end, the program BLASTP (Altschul et al., 1990 ) is used. We consider potential peptides to have expressed homology with certain amino acid sequences from the database if the identity score Hs is greater than 40%, the length of the homologous segment being no less than 30 amino acids and the smallest score of Poisson probability /'(TV) < 10~6. A /'(TV) value of near 10" 6 is necessary before statistical significance can be claimed (Karlin and Altschul, 1993) . The procedure for choosing the other two parameters is described in the 'Results' section. If the word 'FRAGMENT' is found in the '£>£' field of homologous protein entry, the identity score of this protein is assigned 40%. A sequence with the best identity score Hs is automatically selected in the course of the database analysis. The revealed amino acid sequence (key sequence) is used to reconstruct the structure of gene coding for homologous protein on the considered nucleotide sequence. In the case of no expressed homology revealed for all potential peptides the algorithm terminates the routine.
In an alternative procedure, the program BLASTX (Gish and States, 1993 ) might be used. However, the latter is quite time-consuming since it is based on the testing of all peptide fragments potentially coded by the sequence of interest. Also, the predicted exons usually do not contain ALU elements, whose misleading translated amino acid sequences (Claverie, 1992) are included in the SWISS-PROT data base and can create problems for automatic interpretation of BLASTX output in the case of the ALU or LINE repeats presented in the sequence under study.
Defining the location of potential splice sites
To predict splice sites we used the weight matrix method (Shapiro and Senapathy, 1987) . In this program each subsequence in the sequence in question was weighted based on the known frequencies of nucleotides at each position of the donor or acceptor splice sites. This approach is used in many programs for coding regions prediction (Guigo et al., 1992; Hutchinson and Hayden, 1992; Milanesi et al., 1993; Snyder and Stormo, 1993) . Here a formula for scoring taken from (Shapiro and Senapathy, 1987) was used. This formula evaluates the score within the range of 1-100. A sequence region with a score of > 70 is further considered as a potential splice site. The characteristic error of the first kind for this level (splice sites underprediction) was ~0.5%. Error of the second kind (overprediction) can be estimated as one 'false' site (either donor or acceptor) predicted per each 30-35 bp. Using a method with such a high error rate of the second kind results in a considerable number of 'false' splice sites. However, the high number of overpredictions guarantees that all real splice sites will be considered while reconstructing the gene coding region. It should be noted that false splice sites and the false coding regions flanking by them may be excluded from consideration at further steps of the analysis.
Construction of complete set Wl of the potential coding fragments (PCF) and complete set Rl of potential peptides (PP)
Based on the set of potential splice sites and initiation PCF limited at the 5' end by the initiating codon and by the donor site at the 3' end 3.
PCF limited at the 5' end by the acceptor site and at the 3' end by donor 4.
PCF limited at the 5" end by the acceptor site with the terminating codon at the 3' end 5.
PCF limited by the initiating codon at 5' end and incompletely sequenced at the 3' end 6.
PCF incompletely sequenced at the 5' end and with the terminating codon at the 3' end 7.
PCF incompletely sequenced both at 3' and 5' ends 8.
PCF limited at the 3' end by the donor site and incompletely sequenced at the 5' end 9.
PCF limited at the 5' end by the acceptor site and incompletely sequenced at the 3' end codons the program constructs a set Wl of all the potential PCF for the nucleotide sequence being considered. Any region of the analysed sequence at any of the three translation frames is considered a PCF provided that the region matches a variant from Table I and contains no terminating codons. Variant 1 corresponds to a protein coding gene without introns. Variants 2-4 correspond to complete coding fragments of the first, internal, and last exons of genes with the exon-intron structure. Variants 5-9 correspond to incomplete PCF. Such PCF can occur as a result of incomplete sequencing of the 5' or 3' ends of the sequence. Amino acid sequence of potential peptide (PP) is translated from the nucleotide sequence of every PCF from Wl according to the genetic code. This gives us a set of potential peptides Rl.
Selection of potential peptides from Rl based on homologies with key amino acid sequences
The complete set of potential peptides Rl is used at this step in order to detect peptides from the set Rl that will show an expressed homology with the key amino acid sequence. The identity score with the key amino acid sequence for each PP from Rl is calculated. In accordance with the algorithm the identity score was calculated based on the frequency of dipeptides. This is a common approach for calculation of identity score while searching throughout databases (Pevzner, 1992) . 
The potential peptides exhibiting expressed homology with the key sequence are selected from the R1 due to their length and value of S (k, m(k) ). If the length of k-th peptide is greater than two amino acids and S (k, m(k) ) is < 40, the respective peptide is excluded from further consideration. The remaining potential peptides comprise the set R2, and every peptide from R2 corresponds to certain regions of the key amino acid sequence which is defined by its beginning m{k) and its end m\{k) = m{k) + L(k)-1. Here, k = 1, ... , K, where K is the number of selected potential peptides from R2.
Selection of PCF (W2) for gene reconstruction
For set R2 of potential peptides exhibiting expressed homologies with the key amino acid sequence there is the respective set W2 of PCF. This set of PCF is a base for the gene reconstruction of the nucleotide sequence of interest. Each PCF included in the set W2 has a definite location within this sequence. Location of k-th PCF is described by a pair of parameters: u\ (k), u2(k) . Here, u\(k) is the beginning of the PCF within the nucleotide sequence, and u2(k) indicates its end. All PCF and the corresponding peptides from set R2 are ordered by their u\(k).
Designing the compatibility graph Q for PCF from W2
Now, based on sets W2 and R2 we construct a set of potential genes. Here we used an approach based on construction of the compatibility graph Q. In this graph the k-th apex corresponds to the k-th PCF from W2 (k = 1, ... , K). Two apices r and J are connected with a verge in this graph only in cases when the respective PCF meet all the three compatibility rules listed below.
(i) Non-overlapping. Two PCF within one gene should not overlap (this rule means that alternative splicing is not considered in the framework of the present method). Minimal intron length between two PCF cannot be less than 60 bp.
(ii) Saving the translation frame. Let r and s be two sequential non-overlapping PCF (PCF 2 as positioned upstream S). After eliminating the separating intron, these two PCF can form a longer fragment only at conditions where they retain the same translation frame.
(iii) Neighbouring potential peptides location in key amino acid sequences. This accounts for the fact that the homologous protein encoded by the reconstructed gene cannot differ from the key protein by considerable deletions or insertions. This rule is substantiated by numerous investigations which have shown that in the course of evolution of isofunctional gene families strict limitations on the upper size of fixed deletions (insertions) are imposed. This upper size of deletion (insertion) considered in the present approach is at 50 amino acids.
Let us consider two PP: r-th and s-th, respectively. Let us compute the distance G(r,s) between the end of r-th and the beginning of s-th PP in the key amino acid sequence.
G(r,s) = \m\(r)-m(s) + \\
If G(r, s) < 50 amino acids, then the respective PCF are compatible. According to rules (i)-(iii) for the set of K PCF from W2, a compatibility graph Q which describes possible variants for all PCF pairs can be designed. Value S (k, m{k) ) is ascribed to the apex k thus constructing a compatibility graph Q. Penalty G{rj) is ascribed to the verge connecting apices r and s as evaluated by Equation 3.
Reconstruction of potential genes on the base of the compatibility graph Q
All the information necessary to reconstruct the potential gene on the base of compatible PCF is available from the compatibility graph Q. Our aim is to reveal a path within the graph Q through certain apices fC with the maximal Sg as below:
The path within the graph corresponds to a gene composed of K' exons alternating with K' -1 introns. Value S(k, (m(k) ) is the weight of the k-th apex in the given path (fc= 1, ... , K'). Hence, the first member of the expression integrally describes the level of homology between the set PP coded by potential gene and the key amino acid sequence. The second member of the expression describes the total penalty depending on the distance G(k, k + 1) between the end of k-th and the beginning of k + 1-th PP within the key amino acid sequence. It accounts for correct positioning of neighbouring peptides within the key sequence (Figure 1) . We use dynamic programming in order to find the path with maximal Sg .   Fig. 1. Penalties G(k, k + 1) for the PCF-PCF pairs (1-2, 2-3, 3-4) are shown by dotted line, penalty value -by double dotted line, for pair 1-2 penalty is 0. This is the most profitable configuration.
Detection of a potential gene having maximal homology with key protein
In the present work we considered the best 50 potential genes with maximal Sg (Eq. 4). In order to detect the best potential gene we choose the best alignments between the key sequence and protein translations from the predicted coding region.
To perform the alignments we used a method based on a dynamic programming variant of the Needlman-Wunsch approach (Needlman and Wunsch, 1970) .
Results
Let us exemplify the work of the algorithm using the human metallothionein-IF gene (HMT-IF) (entry HSME-TIF in the EMBL Data Library) (positions of exons: 491 -518, 1107-1172 and 1505-1596). This gene family was chosen as the example because the metallothionein gene consists of short exons. For approaches based on simple characteristics of coding sequences (2-11) it is very difficult to predict short exons. This is why we applied our method.
Step-by-step explanations of the results obtained are given below:
Step 1. Revealing one amino acid sequence for gene reconstruction by searching for homology between potential peptides coded by the sequence in study and protein sequence database. A computing system Gen View (Milanesi el ai, 1993) was used. One potential exon at position 1107-1193 was revealed. For the peptide translated from this PCF 57 homologous sequences from the SWISS-PROT database were revealed (all belonging to the metallothionein superfamily). Maximal homology (79% within the fragment of 29 amino acids) was observed with the sequence of human metallothionein IF (Entry name SMHU1F), which corresponds to the investigated sequence (entry HSME-TIF in the EMBL Data Library). This sequence was considered as a key one.
Step 2. Defining the location of potential splice sites. Twenty-six potential acceptor splice sites were revealed, the real ones (Table I)   3  1  3  3  3  3  5  4  3  3  3  4  3  3  4  3  4  3 at positions 1107 and 1505, having weights of 97 and 93 (ranks 1 and 2 of the similarity score with weight matrix). Fourteen potential translation starts were revealed and 11 potential donor splice sites were revealed, the real ones at positions 518 and 1172, having weights of 89 and 84 (ranks 1 and 3 of the similarity score).
Step 3. Construction of the complete set Wl of potential coding fragments (PCF) and the complete set Rl of potential peptides (PP). A set of 173 potential coding fragments (PCF) and the respective set of 173 potential peptides were constructed.
Step 4. Selection of potential peptides from Rl based on homology with key amino acid sequences. During this step, 148 peptides were selected. Only those peptides whose identity score with the key amino acid sequence is 100 (18 out of 148) are considered, since the entire set would be too difficult to illustrate.
Step 5. Selection of PCF (W2) for gene reconstruction. Data concerning the PCF comprising the W2 set are given in Table II .
Step 6. Designing the compatibility graph Q for PCF from W2. Matrix Q constructed for the 18 selected PCF is shown in Figure 2 .
Step 7. Reconstruction of potential genes on the base of the compatibility graph Q. Five potential genes with maximal Sg were constructed. The requirements for maximal Sg required the following: 2-nd exon, 3-rd exon, 8-th exon, which corresponds to the real structure of the metallothionein-IF gene. Four other variants had smaller weights (II variant: 2-nd, 3-rd and 9-th exons; III variant: 2-nd, 3-rd and 10-th exons; IV variant: 2-nd, 3-rd and 11-th exons; V variant: 3-rd and 8-th exons). G(iJ) . According to the given coding value Q('.7') = 1 is an optimal one. Step 8. Detection of a potential gene having maximal homology with the key protein. The reconstructed structure of the IF metallothionein gene completely matches its real structure; alignment with the key sequence has shown 100% homology.
We chose nine protein sequences of metallothionein to demonstrate the accuracy of prediction depending on the extent of predicted protein homology with the key sequence. These sequences are listed in Table III . The nucleotide sequence HSMETIF (according to EMBL) corresponds to SMHU1F in PIR database. The pairwise alignment of SMHU1F sequence with eight other sequences is shown in Figure 3 . The lowest homology score was ~20% (alignment with metallothionein-A from sea urchin).The results of exon-intron prediction are shown in Table IV . A 100% prediction was obtained for five out of nine investigated metallothioneins. An example of such prediction is shown in Figure 4 . As for other cases (Table IV) , the maiority of the protein coding regions was predicted. It should be emphasized that, mostly, homology here was < 30%; homology was > 50% for the sequence SO 1750 only.
Similarity judgment based on BLAST output is a complicated problem (States et al., 1993) . For the ORFGENE system different values of cutoff parameters (length of BLASTP homologous segment Ls and identity score Hs) were tested. For analysis five sequences from large gene families were taken: HUMACTGA (actin), HUMALPPD (alkaline phoshatase), HSLYSOZY (lysozyme), HSMETIF (metallothionein), and HUMOPS (rhodopsin). For the length of homologous segment, the following values were tested: Ls = 10, 20, 30. For the percentage of homology, the following values were tested: Hs = 30, 40, 50. BLASTP search was applied for each of five protein sequences. For each analysed sequence a homologous key sequence having a value of parameters less than cutoff values was selected from BLASTP output for each set of cutoff parameters (the sequence with maximal Hs and Ls was chosen among several homologous sequences). Correlation coefficient C (Matthews, 1975; Brunak et al., 1991) was calculated for estimation of an overall accuracy of the system for each set of parameters. This criteria takes into account the relationship between correctly predicted positives and negatives as well as false positives and negatives. For C calculation one position in a sequence as an arbitrary unit was selected. The following results were obtained: for Hs <50% and Ls < 10 aa value of C = 0.27; for Hs <40% and Ls <20 aa value of C = 0.36; for Hs <50% and Ls <aa value of C = 0.41; for Hs <40% and Ls <30 aa value of C = 0.64. This level of accuracy is comparable the with the accuracy of gene prediction systems (Snyder and Stormo, 1993) . As a result cutoff values Hs = 40% and Ls = 30 aa were chosen.
The algorithm was tested on new sequences (taken as 'newest' from the GenBank server): HSFOLA (6045 bp The total length of sequences was 100786 bp and contained 92 exons with a total length of 19044 bp. All protein sequences having 100% of homology score with the test sequences were eliminated from analysis. As a result, the homology between key protein sequences and proteins coded by the test sequences varied from 33-97%. The following key protein sequences were selected: FOL1_ BOVIN for HSFOLA (homology score: 73%), B3AR_ MOUSE for HSB3A (83%), CBP8_HUMAN for HSGPV (33%), ID_MOUSE for HS1D3HLH (58%), HEM3_ RAT for HUMPBGDA (91%), MYN_MOUSE for HSMAXG (97%), M2OM_BOVIN for HS2OXOC (91%), GTB3_RAT for HSGSTM1B (75%), FCE1_ RAT for HUMIGERA (47%), K1CQ_HUMAN for HSKRT9F (42%), BDNF_PIG for HSNTFR (97%), MYP0_ MOUSE for HSPMPO02 (85%), RFD_HU-MAN for HSU01882 (38%), PSPC_RABBIT for HSU02948 (75%), AG2R_BOVINE for HSU03642 (32%), HV1B_HUMAN for HSU03892 (57%), PGHS_ CHICK for HSU04636 (82%), ATN2_CHICK for HUMATPAS (93%), and 1A27_HUMAN for HSZNGP1 (33%). Table V illustrates the prediction results of the Table II . Symbol' =' indicates the location of 1st, 2nd and 3rd exons on the SMHU1F protein sequence.
SMH01F
=====2= MDPN-CSCAAGVSCTCAGSCKCKECKCTSCKKSCCSCCPVGCSKCAQGCVCKGA-SEKCSCCD * **** *** **** ******** ****** ** ********** * ***** MDSQDCPCAAGGTCTCGDNCKCKNCKCTSCK3CGCCSCCPAGCAKCAQGCVCKGPPSAKCSCCK S08190 SMHO1F MDPNCSCAAGVSCTCAGSCKCKECKCTSCKKSCCSCCPVGCSKCAQGCVCKGASEKCSCCD ******** ** ******** ****************** ** *** ** ** ***** MDPNCSCATDGSCSCAGSCKCKQCKCTSCKKSCCSCCPVGCAKCSQGCICKEASDKCSCCA SMRT2 SMHOIF MDPNCSCAAGVSCTCAGSCKCKKCKCTSCKK-SCCSCCPVGCSKCAQGCVCKGASEKCSCCD *** * * ** * ***** * ****** •** **• ****** ***** ***
MDP-CECSKTGSCNCGGSCKCSNCACTSCKKASCCDCCPSGCSKCASGCVCKGKTCDTSCCQ A27490
SMHD1F MDP-NCSCAAGVSCTCAGSCKCKECKCTSCKKSCCSCCPVGCSKCAQGCVCKG-ASEKCSCCD *** * **** ** ******** * * ** ******** ** ******** ** ***** MDPQDCTCAAGDSCSCAGSCKCKNCRCRSCRKSCCSCCPAGCNNCAKGCVCKEPASSKCSCCH S01750 ORFGENE system (C = 0.82) and Grail2 (C = 0.72) (Uberbacher and Mural, 1991; Mural et al., 1992) .
To test the applicability of the ORFGENE system we randomly analysed 50 human sequences having proteincoding exons (keyword 'CDS' in Feature Table) (taken as 'newest' from the NCBI server). The protein translation of each sequence (taken from Feature Table) was compared with all sequences from protein database (NCBI BLAST Network service), 100% homologies were not taken into account. For 48 out of 50 sequences expressed homology was found. Among the most interesting examples was the significant homology between galK galactokinase coded by HSU25401 sequence and E.coli galactokinase (AC B23044) (C = 0.90 for ORFGENE system). Only two sequences (HSU20979 and S78535) had no homologous sequences in the database. HSU20979 sequence is human chromatin assembly factor-I pi50 subunit mRNA (Stone et al., 1995) . For S78535 sequence (Kaufman et al., 1995) author conceptual translation of tumor supressor mRNA was used. Of course, this result is not an accurate estimation of new gene (new gene families) density in a corpus of DNA sequence data, but we can suppose that ORFGENE system has a wide field of application in genome analysis.
Implementation
Programs of the ORFGENE system were implemented in FORTRAN 77 and C programming languages and run under UNIX (SUN Solaris 2.5). (Table II) . nucleotide sequence, and N is the length of the amino acid sequence.
The input for the ORFGENE system is a sequence in the FASTA format. An example of the output is shown in Figure 4 . For more information on the program, send a request to L.Milanesi (milanesi@itba.mi.cnr.it).
Discussion
In this work an automatic approach for the reconstruction of gene structure in a sequence using data on homologous protein sequences is presented. The ORFGENE system can evidence and refine the results of the systems for gene prediction based on simple characteristics of coding sequences (Gelfand, 1990; Uberbacher and Mural, 1991; Mural et al., 1992; Guigo et al., 1992; Hutchinson and Hayden, 1992; Solovyev and Lawrence, 1992; Borodovsky and Mclninch, 1993; Milanesi et al., 1993; Snyder and Stormo, 1993; Dong and Searls, 1994; Solovyev et al., 1994) especially if highly homologous proteins are found in the amino acid sequence database.
The main problem of the ORFGENE system is prediction of short exons. If the exon length is 6-15 nucleotides (2-3 amino acids) or less, it is very difficult to predict such exons. We treated this problem by considering all possible exons with lengths of < 6 bp during exonintron structure prediction. But, in cases where the length is >6 bp and several differences between amino acid sequences are detected in this region, such exons may be lost for gene reconstruction.
To improve the prediction of such cases the graphical interface and interactive mode of prediction may be useful. The graphical interface will be especially important for the prediction of extremely short exons. An alternative method might be using several aligned key proteins instead of one for gene structure prediction. More precise estimates of the identity score may also improve the prediction accuracy.
Information about homologous sequences is widely used for protein structure prediction. The most accurate approaches for prediction of protein 3D are based on homology modeling (Greer, 1991; May and Blundell, 1994; Sander and Schneider, 1994) . We believe that automated utilization of databases for the functional mapping of nucleotide sequences is quite promising.
